Rationale: Failing cardiomyocytes exhibit decreased efficiency of excitation-contraction (E-C) coupling. The downregulation of junctophilin-2 (JP2), a protein anchoring the sarcoplasmic reticulum to T-tubules, has been identified as a major mechanism underlying the defective E-C coupling. However, the regulatory mechanism of JP2 remains unknown.
( Figure 1A through 1C ). In rat aortic stenosis models of compensated hypertrophy and decompensated heart failure ( Figure 1D and 1E ), miR-24 was upregulated in isolated ventricular cardiomyocytes ( Figure 1F ), accompanied by JP2 downregulation (Figure 1G ), as reported previously. [7] [8] [9] To determine whether JP2 is a bona fide target of miR-24, we constructed luciferase expression plasmids containing the JP2 3Ј UTR segments with putative miR-24 binding sites. Cotransfection of miR-24 mimics and the constructed plasmids in HEK293 cells led to significant suppression of luciferase expression ( Figure 2 ). Mutating either site I or site II alone by replacing the GAG (Figure 1 , bold font) with CUC did not compromise the effect of miR-24. Only double mutation of both binding sites eliminated the suppression (Figure 2 ). Similar results were shared by the rat, mouse and human sequences, indicating that the miR-24 targeting of JP2 expression was doubly-secured through evolution.
To test whether miR-24 interferes with endogenous JP2 expression, we constructed adenovirus to overexpress miR-24 in rat ventricular myocytes ( Figure 3A ). Real-time PCR ( Figure 3B ) and Western blot assay ( Figure 3C ) showed that miR-24 overexpression by 150% downregulated the JP2 protein level by 50% to 60% compared with cells either without infection (control) or infected with adenovirus containing GFP only. This result agreed well with the effect of miR-24 overexpression in neonatal cardiomyocytes (Online Figure I) .
To assess the structural consequences of miR-24 -induced JP2 downregulation, ultrathin sections of isolated ventricular myocytes were imaged with TEM. Stereological analysis (Online Figure II) showed that the volume density ( Figure  3D ) and the surface area ( Figure 3E ) of SR-coupled TTs were reduced by 30.7% and 24.0%, respectively, in the miR-24 group. In contrast, those of TTs apparently not coupled to SR were increased by 63.8% and 65.2%, respectively. The surface area of junctional SR was reduced by 28.6% accordingly. Moreover, the spatial span of individual TT-SR junctions, measured by the apparent curvilinear length of parallel TT and SR membranes (the yellow line in Figure 3F ), was curtailed by 26.3% ( Figure 3G ), with its logarithmic normal distribution shifted to shorter lengths ( Figure 3H ).
Because decreased density and size of TT-SR junctions leads to asynchronous and inhomogeneous Ca 2ϩ release, 12 we next recorded the strength and timing of local Ca 2ϩ release spikes at individual sarcomeres 16 ( Figure 4A ) when 10 mmol/L EGTA was included in the intracellular electrode solution. Compared with those in the control and GFP groups, the Ca 2ϩ spike amplitude in the miR-24 group was decreased ( Figure 4B ), and the delay from depolarization to the spike peak of individual sarcomeres (D spike ) was prolonged and dispersed ( Figure 4C ). Due to the reduction and desynchronization of local Ca 2ϩ release, the global Ca 2ϩ transient evoked by whole-cell depolarization in the absence of EGTA ( Figure 4D ) was significantly lower in the miR-24 group than in the control and GFP groups ( Figure 4E ). Because the LCC Ca 2ϩ current was not altered, the gain of E-C coupling, indexed by the amplitude of the Ca 2ϩ transient per unit I Ca , was curtailed by nearly half in the miR-24 group ( Figure 4F ), leading to an Ϸ40% reduction in the fractional shortening of cardiomyocytes ( Figure 4G ).
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Discussion
JP2 is a structural protein linking the SR to cell membrane/ TTs, 5 and plays a key role in the nanoscopic signaling between LCCs and RyRs during E-C coupling. The healthy operation of E-C coupling requires JP2 levels finely tuned within the homeostatic range. In the present study, we demonstrated that miR-24 regulates JP2 expression by binding to at least 1 of the 2 sites within the 3ЈUTR of JP2 mRNA.
Overexpression of miR-24 leads to TT-SR ultrastructural remodeling and defective E-C coupling, reproducing those observed in failing heart cells. Previous reports have shown that miR-24 is a ubiquitously expressed microRNA regulating cell proliferation and cancer genesis. [17] [18] [19] In the heart, miR-24 regulates cardiomyocyte apoptosis 20 and endothelial vascularity. 15 However, whether or not miR-24 is expressed in cardiomyocytes is controversial. 15, 20 In the present study, we measured miR-24 expression in isolated cardiomyocytes ( Figures 1F and 3A) , confirming robust expression of miR-24 in cardiomyocytes.
A microRNA usually has multiple targets. Using the TargetScan software, we performed genome-wide scanning of miR-24 targets among human, rat, and mouse annotated genes and identified no E-C coupling components other than JP2. Experimental data showed that miR-24 overexpression did not alter the function or expression of LCC, RyR, SR Ca 2ϩ pumps, and the SR Ca 2ϩ buffer calsequestrin (Online Figure III) , the miR-24 -induced defective E-C coupling cannot be attributed to direct or indirect regulation of major E-C coupling proteins other than JP2. Rather, the E-C coupling effects of miR-24 were fully reproduced by knocking down JP2 10,12 (Online Figure IV) . The luciferase experiments (Figure 2) , together with the highly comparable effects of JP2 knockdown and miR-24 overexpression, doubly confirmed that miR-24 regulates E-C coupling by targeting JP2.
The pathogenesis of heart failure involves a variety of intracellular signaling cascades, including the calcineurin-NFAT pathway, the calmodulin-dependent protein kinase pathway, and pathways involving other protein kinases. [21] [22] [23] How these pathogenic signals link to the downregulation of JP2 and SERCA during heart failure is still unclear. As miR-24 is a member of the miR~23a~27a~24 -2 cluster upregulated by calcineurin-NFATc3 signaling, 23 the identification of JP2 as a miR-24 target suggests a potential link between the upstream hypertrophy/heart failure signals and defective E-C coupling (Online Figure V) . 
Novelty and Significance
What Is Known?
• In cardiomyocytes, junctophilin-2 (JP2) links the sarcoplasmic reticulum (SR) to the cell membrane, including T-tubules (TT), forming structural units for excitation-contraction (E-C) coupling. • During heart failure, the expression of JP2 is decreased, leading to decreased number and size of TT-SR junctions and a decrease in the efficiency of E-C coupling. • Knockdown of JP2 introduces structural and functional defects in TT-SR junctions, indicating that expression of JP2 expression is one of the determinants of E-C coupling efficiency.
What New Information Does This Article Contribute?
• The 3Ј untranslated region of JP2 mRNA contains 2 binding sites for miR-24. • Overexpression of miR-24 decreases JP2 expression.
• MiR-24 -induced JP2 downregulation induces structural and functional defects in TT-SR junctions, indicating that homeostatic levels of miR-24 are important for the physiological E-C coupling.
Myocardial contractility is controlled by the Ca 2ϩ signaling between the cell membrane/TTs and the SR. JP2 anchors the SR to TTs in heart cells and thereby determines the efficiency of Ca 2ϩ signaling. In heart failure, JP2 expression is downregulated, but the regulatory mechanism is not known. In the present study, we found that miR-24, a microRNA upregulated in heart failure, is a suppressor of JP2 expression. Delivering miR-24 to cardiomyocytes fully reproduced the defective Ca 2ϩ signaling in failing heart cells. These findings reveal a novel mechanism of JP2 regulation and suggest new therapeutic options for the treatment of heart failure.
